Ketamine is a dissociative anaesthetic, analgesic drug as well as an N-methyl-D-aspartate receptor antagonist and has been reported to influence otoacoustic emission amplitudes. In the present study, we assess the effect of ketamine-xylazine on high-frequency distortion-product otoacoustic emissions (DPOAE) in the bat species Carollia perspicillata, which serves as model for sensitive high-frequency hearing. Cubic DPOAE provide information about the nonlinear gain of the cochlear amplifier, whereas quadratic DPOAE are used to assess the symmetry of cochlear amplification and potential efferent influence on the operating state of the cochlear amplifier. During anaesthesia, maximum cubic DPOAE levels can increase by up to 35 dB within a medium stimulus level range from 35 to 60 dB SPL. Close to the -10 dB SPL threshold, at stimulus levels below about 20-30 dB SPL, anaesthesia reduces cubic DPOAE amplitudes and raises cubic DPOAE thresholds. This makes DPOAE growth functions steeper. Additionally, ketamine increases the optimum stimulus frequency ratio which is indicative of a reduction of cochlear tuning sharpness. The effect of ketamine on cubic DPOAE thresholds becomes stronger at higher stimulus frequencies and is highly significant for f2 frequencies above 40 kHz. Quadratic DPOAE levels are increased by up to 25 dB by ketamine at medium stimulus levels. In contrast to cubic DPOAEs, quadratic DPOAE threshold changes are variable and there is no significant loss of sensitivity during anaesthesia. We discuss that ketamine effects could be caused by modulation of middle ear function or a release from ipsilateral efferent modulation that mainly affects the gain of cochlear amplification.
INTRODUCTION
Distortion-product otoacoustic emissions (DPOAE) are a by-product of nonlinear ear mechanics and are used to obtain a noninvasive measure of sensitivity and tuning of the cochlear amplifier (e.g. Brown and Kemp 1984; Gaskill and Brown 1990; Probst et al. 1991; Brown et al. 1992; Janssen et al. 2000; Shera et al. 2002; Boege and Janssen 2002) . They provide a fast and efficient assessment of mechanical threshold sensitivity in different vertebrates and even in insects (e.g. Brown 1987; Manley et al. 1993; Taschenberger and Manley 1998; Kössl et al. 1999; Mills and Shepherd 2001; van Dijk et al. 2002; Kössl et al. 2008) . The cubic distortion tones (CDTs), most prominently the 2f1-f2 DPOAE, depend on the gain of the cochlear amplifier (e.g. Mills and Rubel 1996) . Since their amplitudes usually are largest among DPOAEs, they are most frequently used to evaluate the state of cochlear amplification and of outer hair cells in humans and animal models. Quadratic distortion tones (QDTs) like the f2-f1 difference tone depend on the symmetry of cochlear nonlinearity and their amplitude is minimal when the operation point is at a symmetrical position along the transducer function (see, e.g. Frank and Kössl 1996; Russell 1998, 1999; Drexl et al. 2012) There is evidence that quadratic distortions provide information about a frequency specific modulation of the operating point of the cochlear amplification (Abel et al. 2009; Wittekindt et al. 2009; Althen et al. 2012 ). In addition, dynamic compression of the transducer gain also can change the amplitude of the f2-f1 DPOAE (Bian 2004) .
A difficulty when measuring DPOAE in animal models is the sensitivity of DPOAE to anaesthetics (e.g. Cederholm et al. 2012) . Hence, the reliability of DPOAE data obtained at low stimulus levels is an issue to be considered (Valero and Ratnam 2011) . Ketamine is a widely used anaesthetic and analgesic which also acts as an N-methyl-D-aspartate receptor antagonist (NMDA antagonist). In animal research, it is often used in combination with xylazine, an alpha-2-adrenergic agonist with sedative properties. When compared to isoflurane, ketamine-xylazine anaesthesia appears to have less effect on auditory sensitivity in terms of OAE or auditory brainstem responses (Ruebhausen et al. 2012; Harel et al. 1997 ). According to Harel et al. (1997) ketamine-xylazine anaesthesia can even increase the amplitudes of transiently evoked OAE (TEOAE) and DPOAE. This could be caused by blocking possible efferent suppression of inner ear mechanics due to ketamine-xylazine as discussed by Harel et al. (1997) . The DPOAE adaptation that is caused by efferent activity (e.g. Liberman et al. 1996) is also reduced by ketamine (Boyev et al. 2002) . In addition, DPOAE also could be altered by changing middle ear mechanics as suggested by Hatzopoulos et al. (2002) .
High-frequency hearing and corresponding DPOAE recordings are particularly sensitive to factors that interfere with outer hair cell structure or function and the cochlear amplifier: furosemide or aminoglycosids lead to auditory threshold and DPOAE deterioration that increases with sound frequency (e.g. Puel et al. 1987; Kössl and Vater 2000; Schmiedt et al. 2002; Mills and Schmiedt 2004) resembling sensory presbyacusis (Schmiedt et al. 2002) . If ketamine anaesthesia would affect the cochlear amplifier directly, e.g. by changing metabolic conditions in the cochlea or indirectly via the efferents, effects on DPOAE should also be frequency specific and grow towards higher frequencies. To evaluate high-frequency effects of Ketamine, we chose a bat animal model (Carollia perspicillata) that is quite sensitive in the ultrasonic range (Sterbing et al. 1994; Koay et al. 2002) and, in addition, has prominent cubic DPOAE (Kössl 1992) . It is important to note that C. perspicillata is not specialised on perception of specific echolocation frequencies like, e.g. horseshoe bats, and therefore can serve as a general model for good high-frequency hearing capabilities that can be studied using otoacoustic emission techniques.
MATERIAL AND METHODS

Animals and Anaesthesia
A total of 29 adult specimens of C. perspicillata of both sexes (14 females and 15 males, body weight 19-24 g), taken from our breeding colony at the Faculty of Biosciences, University of Frankfurt, Germany, were used in this study. The DPOAE data initially were obtained from 12 anaesthetised bats and from another group of 12 awake animals. Five additional bats were investigated both awake and while they were anaesthetised. In these individuals, the awake versus anaesthetised recording sessions were separated by at least 3 days. The anaesthetic was delivered by subcutaneous injection using a mixture of 0.005 mg/g body weight ketamine (Ketavet©, Pfitzer GmbH, Berlin, Germany) and 0.035 mg/g body weight xylazinehydrochloride (Rompun© 2 % solution, Bayer HealthCare AG, Mohnheim, Germany). Effects of the anaesthesia (e.g. loss of the pedal withdrawal reflex) were apparent 1 min after the injection, and anaesthesia lasted for as long as 120 min.
Experimental System and Procedures
The experiments took place in a sound-attenuated chamber. The body temperature of the bats was kept constant at 37°C. To ensure that bats were not able to move during the measurement, their heads were fixed with a custom-made dental acrylic mouth holder. To measure DPOAE, an acoustic coupler was placed in the outer ear canal in about 0.3-1.0 mm distance to the tympanum under visual control (Zeiss OPMI 1-FR binocular, Carl Zeiss AG, Jena, Germany). The coupler consisted of three acoustic channels that converged in the coupler's tip. Two of the coupler channels were connected to reversely driven condenser microphones used as loudspeakers (1/2″, MTG MK202, Microtech Gefell GmbH, Gefell, Germany) and the third channel contained a sensitive microphone (1/4″, B&K 4939, Brüel & Kjaer, Naerum, Denmark) for recording DPOAE. To generate the two pure tone stimuli and to record DPOAE, a soundcard (RME fireface UC, RME Audio AG, Haimhausen, Germany; sampling rate, 192 kHz) was used. Data acquisition and analysis software was written in MATLAB (MATLAB 2007b, MathWorks Inc., Ismaning, Germany) . The sound system was calibrated in situ using white noise. Two tone stimuli (f1 and f2) were used with f2 frequencies between 15 and 90 kHz (5 kHz step size) within a f2 level range from −10 to 60 dB SPL. At L2 levels above 74.1-89.9 dB SPL (2f1-f2) and 70.4-89.2 dB SPL (f2-f1), setup distortions reached a level of −10 dB SPL within used f2 frequency range. The amplitude of DPOAE depends on the level and frequency parameter of the two stimuli. In the present study, a difference of 10 dB between the levels of the primary stimuli L1 and L2 (i.e. L1=L2+10 dB) was used that has been proven to produce maximal 2f1-f2 DPOAE levels at medium stimulus levels in C. perspicillata (Kössl 1992) and other mammals (e.g. Brown and Kemp 1984; Probst et al. 1991; Mills 1997) . For each f2 frequency, the optimum frequency ratio (f1/f2) for both the 2f1-f2 DPOAE and the f2-f1 DPOAE was determined to optimise DPOAE generation in the following measurements. After adjusting f1 to the optimum frequency ratio, DPOAE level growth functions were measured for each f2 frequency and for each of the two DPOAE types. The recorded waveforms (42.7 ms duration) were averaged hundred times and a fast Fourier transformation (FFT) was calculated. The average noise level of the recording system within the used frequency range was between −15.0±4.4 dB SPL (f2: 15 kHz) and −20.0±5.7 dB SPL (f2: 90 kHz). From the DPOAE growth functions, the −10 dB SPL threshold was determined for each tested frequency by calculating the level of f2 sufficient to evoke a distortion level of −10 dB SPL. For all average curves, the data were given with error bars of one standard deviation. For more detailed description of the experimental procedures, see Eckrich et al. (2008) and Althen et al. (2012) .
Statistical analysis was done using JMP (Version 7.0; SAS Institute Inc., Cary, NC). Both, ratio and threshold curves were tested in two-way ANOVAs for influences of sound frequency (16 values) and the condition (awake vs. anesthetised) followed by a post hoc analysis (independent contrasts). We also tested for interactions between these two parameters. P values were adjusted for multiple comparisons according to the Bonferroni-Holm correction. Statistical analysis of QDT data was restricted to the frequency range 35-90 kHz as the data for low frequencies were incomplete (close to noise level). After this correction, all data were examined under a criterion of global pG0.005.
RESULTS
Optimum Frequency Ratio
To maximise DPOAE amplitudes at low levels of the two stimuli, we determined the optimum f2/f1 frequency ratio for each tested f2 stimulus frequency in each individual bat and for each of the two investigated DPOAE (2f1-f2, f2-f1). For this purpose, f2 was kept constant and f1 varied. The L2 stimulus level which was used to determine the optimum ratio was 30 dB SPL and the level of the evoked DPOAE was between about −10 and 18 dB SPL. The optimum frequency ratio can provide information about the sharpness of cochlear frequency tuning in bats (Kössl 1994) . The statistical analysis of ratio data revealed different influences of f2 frequency and wake state on the CDT and QDT optimum ratios. CDT ratios were significantly lower for the awake compared to the anesthetised condition (F 1,512 =209.7; pG0.0001) and depended on f2 frequency (F 15,512 =12.0; pG0.0001). The influence of anaesthesia was most pronounced at f2 frequencies in the range of 40 to 60 kHz (two-way interaction state × frequency: F 15,512 =3.1; pG0.0001; see Fig. 1 for the results from post-hoc analysis). QDT ratios significantly depend on f2 frequency (F 11,384 = 44.5; pG0.0001) but a dependency on the awake versus anesthetised condition was not found (F 1,384 =1.5; pG n.s.). In C. perspicillata, there was a general trend towards smaller optimum ratios with increasing f2 for both types of DPOAE (Fig. 1) . Such a frequency- anaesthetised (black) bats at different f2 frequencies (n=17). Error bars: absolute value of SD, shown for graphical reasons only as upward (anesthetised) or downward bar (awake). Inlays: dependence of DPOAE level on f2/f1 ratio at 45 kHz for L1/L2: 40/30 dB SPL. Arrows: DPOAE amplitude at the optimum ratio. A: 2f1-f2 DPOAE: the f2/f1 ratio is smaller for awake than for anaesthetised bats over the entire frequency range. B: f2-f1 DPOAE: the optimum f2/f1 ratio is not significantly influenced by anaesthesia. Statistical analysis: two-way ANOVA with p values adjusted for multiple comparisons according to the Bonferroni-Holm correction.
SCHLENTHER ET AL.: Influence of Ketamine-Xylazine Anaesthesia on High-Frequency Otoacoustic Emissionsdependent decrease of optimum ration is also found in certain other mammals (e.g. Eckrich et al. 2008) . The decrease of the optimum ratio with f2 was more pronounced for QDTs than for CDTs, both in the anaesthetised and in the awake bats. The optimum CDT ratio in anaesthetised animals reached a maximum of close to 1.28 at f2 frequencies between 40 and 45 kHz.
DPOAE Growth Functions
After the optimum ratio f2/f1 had been determined, the frequency of f1 was adjusted accordingly and DPOAE level growth functions were recorded for each f2 frequency. Both stimulus levels were increased in 5 dB steps. It is important to note that an adjustment of the frequency ratio to its optimum value for each growth function measurement results in slightly different f1 frequencies for the awake versus anaesthetised condition, in particular for the 2f1-f2 measurements where the optimum ratios are significantly different between both conditions. We use this procedure since it has proven of large benefit when determining threshold sensitivity in different bat species (e.g. Kössl 1992 , Kössl et al. 1999 Kössl and Vater 2000; Wittekindt et al. 2005; Macias et al. 2006) and also in other mammalian species (e.g. Drexl et al. 2003; Eckrich et al. 2008 ). In Figure 2 , two example growth functions are shown that illustrate the advantage of this procedure. Growth functions for the anaesthetised state that did not take into account a changed optimum ratio, but were obtained with the 'awake' optimum ratio, are quite insensitive due to the use of an inadequate f1 frequency and give the incorrect impression of largely changed thresholds.
Examples for such optimised growth functions for both emission types obtained from an individual bat that was recorded while awake and during anaesthesia are shown in Figure 3 . Averaged data (n=17) for growth functions of both emission types are given in Figure 4 . At f2 frequencies of 40 and 60 kHz, the threshold level of the 2f1-f2 emission in awake bats was more sensitive than in anaesthetised bats. The sensitivity at 20 kHz was nearly the same for both conditions. However, the maximum 2f1-f2 levels within a f2 level range of 35-60 dB SPL were much higher in the anaesthetised condition. In the given examples, the maximum 2f1-f2 levels at the three different f2 frequencies (Fig. 3A-C) were between 11.6 and 35.3 dB higher during anaesthesia compared with the awake state. Averaged across all 17 data sets, the differences between the awake and the anaesthetised state were between 9.1 to 15.8 dB for the maximum 2f1-f2 levels at f2 frequencies of 20, 40 and 60 kHz. The increase of 2f1-f2 amplitude at a medium stimulation level produced a pronounced change of the initial slope of the growth function, which was much steeper in the anaesthetised animal. The initial slopes were determined within a 10-dB window starting at the first data point above the −10 dB threshold. In the example data set, for f2=20, 40 and 60 kHz, the initial slopes for the 2f1-f2 emission were between 0.8 and 1.5 dB/dB (awake) and between 1.6 and 1.9 dB/dB (anaesthesia). The slopes of the average growth functions obtained at f2 frequencies of 20, 40 and 60 kHz were between 0.8 and 1.5 dB/dB in the awake versus 1.3 and 1.7 dB/dB in the anaesthetised condition. For the f2-f1 DPOAE, the differences between awake and anaesthetised condition were more variable and threshold deterioration during anaesthesia was less obvious. However, a large increase of the f2-f1 DPOAE level at medium stimulus levels is obvious at all f2 frequencies both for the example data ( Fig. 3D -F: increase up to 25.7 dB) and the averaged data set (f2=20, 40 and 60 kHz: increase of 3.5 to 21.9 dB, n=17). In addition, the initial slopes of the average f2-f1 growth functions (f2=40 and 60 kHz) slightly increased during anaesthesia and were between 0.6 and 0.9 dB/dB (awake) and between 0.8 and 1.0 dB/dB (anaesthetised). The phase of 2f1-f2 and f2-f1 DPOAE (lower graphs in Fig. 3 ) changed in a level-dependent manner, often the phase angle increased with increasing stimulus level (e.g. Fig. 3C, E, F) . However, phase data were variable and there was no conspicuous or consistent difference between the awake and anaesthetised state.
To illustrate the profound changes of the levels of both types of DPOAE, a more detailed analysis, covering all used f2 stimulus frequencies, is given for a single individual that was recorded both in the awake state and during anaesthesia (Fig. 5) . In this individual bat, largest anaesthesia-related DPOAE level increase was apparent at low f2 frequencies between 15 and 40 kHz. Anaesthesia appeared to smooth the 2f1-f2 DPOAE iso-level contours (compare Fig. 5A , B) but increased contour sharpness for the f2-f1 DPOAE (compare Fig. 5D , E). During anaesthesia, there was a clear reduction of 2f1-f2 levels for low stimulus levels between 15 and 30 dB SPL and for stimulus frequencies above 30 kHz.
DPOAE Thresholds
The growth functions were used to calculate DPOAE threshold curves for a threshold criterion of −10 dB SPL. For this purpose, the f2 stimulus level which was sufficient to produce a DPOAE of −10 dB SPL was interpolated from the growth function. In some cases, in particular for low f2 frequencies when noise level+ 1 SD9−10 dB SPL, the threshold value was extrapolated from the first two data points of the growth function that were above the noise level. The distortion threshold curve is plotted as a function of f2, since the cochlear location of primary distortion generation is thought to be close to the f2 frequency location (e.g. Brown and Kemp 1984) . The data of the threshold curve are averaged from 17 individual threshold data sets of each condition (Fig. 6) . The statistical analysis of threshold data revealed different influences of frequency and wake state for CDTs and QDTs, comparable to the frequency ratio data (see above). Likewise the comparison of the awake and the anesthetised condition revealed a significant difference (F 1,512 =107.3; pG0.0001) which depended on f2 frequency (F 15,512 =14.0; pG0.0001). The influence of anaesthesia was especially pronounced at frequencies above of 55 kHz (two-way interaction state × frequency: F 15,512 =4.4; pG0.0001; see Fig. 6 for the results from post hoc analysis). For the QDT thresholds, there was no significant difference between the awake and anesthetised condition (F 1,384 =0.8; pGn.s.).
The 2f1-f2 threshold curve obtained in awake animals is rather flat for frequencies between 20 and 90 kHz and thresholds are between 8.6 and 20.2 dB SPL (Fig. 6a) . During anaesthesia, significant threshold increases were found for all f2 frequencies ≥55 kHz and there was a progressive threshold rise with increasing f2 frequency. Maximum threshold increase of 14.4 dB was observed at 85 kHz. Quite remarkably are the minimal average and individual threshold values for the f2-f1 DPOAE between 35 and 55 kHz in C. perspicillata (Fig. 6b) which were slightly more sensitive than even the lowest 2f1-f2 thresholds. In 12 of the awake bats, the −10 dB threshold was lower than 5 dB SPL at one or more frequencies. The lowest f2-f1 threshold of −4.1 dB SPL could be observed at 35 kHz and was about 7 dB more sensitive than the lowest 2f1-f2 threshold at the same frequency. The fact that there are substantial f2-f1 distortions at very low SPLs can indicate pronounced asymmetry of cochlear amplification at hearing threshold. The f2-f1 threshold curve of awake bats is characterised by a broad threshold minimum of about 6 dB SPL between 50 and 55 kHz that shifts to 40 kHz during anaesthesia.
DISCUSSION
General Properties of CDTs and QDTs in C. perspicillata
Large 2f1-f2 DPOAE amplitudes and low thresholds over the whole tested frequency range up to 90 kHz demonstrate that cochlear mechanics in this bat species is adapted for sensitive high-frequency hearing. C. perspicillata can be viewed as a broadband hearing generalist whose hearing range is shifted towards ultrasonic frequencies to allow high-resolution echolocation. For most frequencies, the 2f1-f2 threshold sensitivity is in the range of behavioural threshold data of this species (Koay et al. 2002) but less sensitive than neuronal thresholds (Sterbing et al. 1994 ; Esser and Eiermann 1999; see Fig. 7 ). The f2-f1 DPOAE is quite prominent in C. perspicillata and can be evoked by surprisingly low stimulus levels in the mid frequency range. In this respect, f2-f1 DPOAE are more sensitive than 2f1-f2 emissions. This is exceptional since in other mammals studied, the generation of the f2-f1 emission usually requires higher stimulus levels (e.g. Kujawa et al. 1995; Frank and Kössl 1996; Lukashkin et al. 2002; Wittekindt et al. 2009 ). The fact that in the present study the stimulus frequency ratio was optimised for the f2-f1 distortion before the respective measurements may have contributed to this sensitivity. If prevalence of f2-f1 is taken as indicator of an asymmetric position of the operating point of cochlear transduction ( al. 2012), forward or reverse transduction should be largely asymmetric at the threshold level for a wide range of high frequencies in C. perspicillata. The f2-f1 threshold curve is most sensitive in a frequency range of about 40-55 kHz. In this respect, the f2-f1 as well as the 2f1-f2 threshold curves do not resemble the behavioural or neurophysiological thresholds that have local threshold maxima in this frequency range (Fig. 7) . This discrepancy is most likely due to the exclusion of outer ear filtering during DPOAE measurement. This is in accordance with Koay et al. (2002) who could influence the 50-kHz behavioural threshold maximum by changing the direction of sound incidence. Comparable data on outer ear related threshold discrepancies are also found in other bat species (Wittekindt et al. 2005; Macias et al. 2006 ).
The Effect of Anaesthesia on High-Frequency DPOAE
Ketamine-xylazine anaesthesia reduces cubic DPOAE threshold sensitivity preferentially at high frequencies and broadens mechanical cochlear tuning assessed by optimum stimulus frequency ratios. A quite unexpected result of the present study was the pronounced anaesthesia related amplitude increase of both quadratic and cubic DPOAE at medium to high stimulus levels. To assess these effects, we discuss possible ketamine-xylazine effects on cochlear physiology and the cochlear amplifier, on middle ear mechanics and on efferent neuronal feedback.
General Impact on Cochlear Physiology
Ketamine leads to moderate cardiac stimulation and increase of blood pressure combined with respiratory depression while xylazine has stronger depressive effects on respiration and reduces heart rate (Sanford and Colby 1980). This could affect cochlear sound transduction, if reduction of metabolic energy supply would change the endocochlear potential. Endocochlear potential decrease is expected to induce a strong decrease of cubic DPOAE at levels close to hearing threshold (Mills et al. 1993; Rübsamen et al. 1995) . Endocochlear potential related changes of quadratic DPOAE are not directly related to the change in cubic DPOAE level (Mills et al. 1993) . Endocochlear potential change affects cochlear thresholds more strongly at higher sound frequencies than at lower frequencies, which presumably is related to blockage of the cochlear amplifier whose gain may increase with increasing sound frequency towards the cochlear base (Schmiedt et al. 2002) . The fact that in our study cubic DPOAE thresholds were elevated during anaesthesia in a frequency-specific manner, while the quadratic DPOAE threshold is not changed significantly, could be a consequence of a metabolic influence on the cochlear amplifier. The optimum frequency ratio during measurements of cubic DPOAE is indicative of mechanical cochlear tuning sharpness (e.g. Kössl 1994). The significant increase of optimum frequency ratios during anaesthesia could be caused by endocochlear potential related deterioration of mechanical cochlear frequency tuning (Ruggero and Rich 1991) as a consequence of reduction of cochlear amplifier action. The fact that the slopes of cubic DPOAE growth functions increased strongly during anaesthesia is comparable to a steepening of DPOAE growth functions in patients with cochlear hearing loss or tinnitus (Janssen et al. 1998 (Janssen et al. , 2000 (Janssen et al. , 2006 . Indeed, the slopes can be used as indicator of changes in cochlear function (Neely et al. 2003; Müller and Janssen 2004) . Since the quadratic DPOAE function slopes also changed during anaesthesia, a compromising leveldependent effect on the operating point of the mechanisms that generate and/or transmit DPOAE is likely.
If anaesthesia would reduce the gain of the cochlear amplifier, a reduction of level-dependent phase change or a shift of amplitude notches and phase jumps along the level growth function of 2f1-f2 DPOAE could be produced as it can be observed during furosemide application (e.g. Lukashkin et al. 2002; Mills and Rubel 1994) . However, in our case, phase data were quite variable and did not allow a consistent interpretation. This could be caused by optimization of the level growth functions using individual optimal ratios. It also could be a consequence of a combination of different anaesthesia effects on cochlear amplifier and efferent activity (see below).
Middle Ear as Possible Target of Ketamine Action
The most striking effect of anaesthesia in the present study is a large increase of DPOAE level of up to 35 dB for 2f1-f2 and 25 dB for f2-f1. Ketamine related closure of the Eustachian tubes and hence a change in middle ear pressure may contribute to this effect. Hatzopulos et al. (2002) demonstrated in the rat that ketamine-xylazine causes a reduction of 2f1-f2 level of up to about 10 dB within a time window of up to an hour after injection of the anaesthetics. This level reduction could be prevented by making a small hole in the tympanum or by adding atropine to the injection narcotics. Atropine is known to reduce mucus production and closure of Eustachian tubes. The data strongly indicate that middle ear pressure was changed during ketamine anaesthesia in the rat.
In the present study, we found the opposite effect in bats, i.e. a large increase in DPOAE amplitude during anaesthesia. Middle ear pressure variations may also work to increase DPOAE amplitudes at the ear drum. The size of the shown effect surprises since this would suggest that middle ear pressure adjustment at medium to high levels in the awake bat prevents optimal sound propagation through the middle ear. Aside from ketamine-induced pressure change in the middle ear, ketamine could also block the middle ear muscle reflex. A study by Smith et al. (2008) investigating rats showed that most of the effects of contralateral acoustic stimulation on DPOAE were abolished when the middle ear muscles were cut. The middle ear muscle-related DPOAE changes were already seen at low ipsilateral DPOAE stimulation levels of about 50 dB SPL. But in C. perspicillata, there are no data available on the threshold of the middle ear muscle reflex. In Pteronotus parnellii, an insectivorous bat that uses narrow band echolocation signals, the most sensitive middle ear muscle reflex threshold is at about 63 dB SPL (Suga et al. 1974 ). This threshold value would not explain an amplitude reduction based on a middle ear muscle contraction in awake bats at stimulus levels between about 20 and 60 dB SPL as shown in the present study. In addition, a contribution of the middle ear to the pronounced change of slope of DPOAE growth as observed in the present study under anaesthesia seems unlikely. In an attempt to distinguish middle ear dysfunction from cochlear hearing loss on the basis of DPOAE growth functions in humans, Gehr et al. (2004) showed that middle ear changes did not influence the slope of DPOAE growth, whereas cochlear hearing loss was related to changes to the slope.
Possible Release from Efferent Cochlear Modulation
In addition to changes in middle ear function, a suppression of efferent activity could also play a role. Ketamine acts as a noncompetitive NMDA antagonist (Harrison and Simmonds 1985) which raises the possibility that it could block efferent neurons or their input systems. Efferent deactivation can lead to a deterioration of behavioural measures of frequency discrimination (Hienz et al. 1998) . A change of mechanical tuning sharpness and optimum DPOAE frequency ratios due to blocking of medial olivocochlear ipsilateral efferent fibres to the outer hair cells seems to be possible but is hard to prove in the present experimental setup, without invasive manipulation of efferent fibres. In addition, electrical stimulation and hence activation of the medial olivocochlear system lead to a reduction of the gain of cochlear amplification and of mechanical tuning sharpness in the cochlea (Murugasu and Russell 1996; Dolan et al. 1997; Guinan and Cooper 2003) which contradicts an increase of optimum frequency ratios due to efferent deactivation by ketamine. It also has to be pointed out that NMDA antagonists could directly influence the cochlea since NMDA receptors are present in the cochlea and are involved in generating tinnitus and excitotoxicity (Puel et al. 1994; Guitton et al. 2003) . Harel et al. (1997) showed that ketamine can increase DPOAE levels slightly in the chinchilla and suggested that efferents could be involved in this effect since it was independent of middle ear muscle deactivation. Accordingly, a release from efferent suppression of cochlear amplification or from a reduction of MOC-mediated DPOAE adaptation (see Boyev et al. 2002) could contribute to the massive increase of the level of both types of DPOAE evoked at medium stimulus levels in the bat during anaesthesia. In addition, ketamine produces a differential effect on 2f1-f2 versus f2-f1 DPOAE, i.e. f2-f1 is less affected at its threshold, which could imply that a potential ketamine-generated efferent release influences more the gain than the operating point of cochlear amplification. This would be in contrast to studies in humans and gerbils where at low stimulus levels, the f2-f1 DPOAE is more sensitive to contralateral acoustic stimulation than the 2f1-f2 DPOAE (Wittekindt et al. 2009; Abel et al. 2009; Althen et al. 2012 ). In our data, the f2-f1 threshold did not significantly change during anaesthesia. This would argue against a possible spontaneous or tonic efferent influence that could adjust the operating point of cochlear amplification at low levels. Hence, the apparent cochlear desensitization during anaesthesia, reflected by increasing 2f1-f2 thresholds, most likely is not due to efferent action but could be caused by a general impact of the anaesthetic on cochlear physiology (see above). If the middle ear muscle reflex does not play a major role, then ketamine blockage of efferent cochlear modulation remains the most likely candidate to explain the increase of DPOAE levels for medium to high stimulation levels in the present study. In this case, efferent action would induce a compression of cochlear mechanical responses at higher sound levels. The prominent effects found in this study indicate that C. perspicillata is an excellent model to study efferent modulations in hearing processes. While our present data cannot unambiguously resolve if the observed effects are due to middle ear or efferent mechanisms or both, a strong attenuation at medium to high sound levels during the normal awake state could be of behavioural value for the bat as it should primarily affect the emitted sonar signals and less the faint returning echoes and thus enable the bat to focus on low-level echo signals.
